Studies of immunologic specificity in delayed hypersensitivity to haptenprotein conjugates have thus far been interpreted as demonstrating that the carrier protein contributes an important component to the specificity of the reaction. It has been suggested, for example (1), that delayed hypersensitivity represents a "broadened" specificity which becomes narrowed to more dearly defined groupings during the process of antibody production. More recently, Benacerraf and Gell (2, 3) have stated that the so-called "carrier specificity" represented an appreciable overlap beyond the hapten onto the adjacent protein molecule, suggesting that the size of the determinant area was larger or that the interactive forces were stronger in the delayed reaction than were those involved in reaction with conventional antibody.
Studies of immunologic specificity in delayed hypersensitivity to haptenprotein conjugates have thus far been interpreted as demonstrating that the carrier protein contributes an important component to the specificity of the reaction. It has been suggested, for example (1) , that delayed hypersensitivity represents a "broadened" specificity which becomes narrowed to more dearly defined groupings during the process of antibody production. More recently, Benacerraf and Gell (2, 3) have stated that the so-called "carrier specificity" represented an appreciable overlap beyond the hapten onto the adjacent protein molecule, suggesting that the size of the determinant area was larger or that the interactive forces were stronger in the delayed reaction than were those involved in reaction with conventional antibody.
In an attempt to analyze further the nature of this apparent "carrier protein" specificity, studies were carried out with conjugates made with oxidized or reduced proteins, which differed from the native proteins only in "tertiary" or folded structure but retained the same "primary" or amino acid sequence (4) . Results obtained with these materials suggested strongly that specificity in delayed hypersensitivity to hapten-protein conjugate was to a large extent influenced by amino acid sequence and was also characterized by considerable heterogeneity, probably related to multiple antigenic determinants produced by differences of sequence in various proteins.
Therefore, it was decided to use as a more homogeneous carrier material for immunization a polymer composed of a single amino acid. The present article is concerned with the results obtained using diazotized arsanilic acid conjugated to polytyrosine as the antigen.
The insoluble residue containing 20 per cent tyrosine was obtained by autoclaving the elastoidin fibers for 18 hours at 20 pounds; it was dissolved by heating to 80°C in 1 N NaOH (8) .
ttaptm* Conjugation.--All proteins used in this study were conjugated by reaction with a large excess of diazotized arsanllic acid (usually about 5 mg arsanllic acid per 1 mg of protein). The coupling was allowed to proceed in ice cold alkaline solution (pI-I 10) overnight, and the resulting mixtures were dialyz~ed overnight against running tap water. All transfers were done quantitatively. Final concentrations of conjugated proteins were computed as micrograms of nitrogen per milliliter of original protein by assuming no loss during the conjugation process. These conjugates are designated with the prefix ars-(i.e. ars-GSA is guinea pig serum albuminazobenzenearsonate).
Immunization and Skin Testing.--Ars-polytyr, dissolved in dilute alkali, was emulsified with an equal volume of light mineral oil-arlacel-A mixture (8.5 to 1.5) containing 5 mg of killed mycobacterium per ml. A total of 0.1 ml of this emulsion containing 100 #g ars-polytyr was distributed amongst the four foot-pads of white guinea pigs weighing 300 to 400 gln. 2 weeks later, the animals were lightly shaved and depilated. Skin tests were performed by injections of appropriate amounts of antigen contained in 0.1 ml of saline, and results were read at 3 hours and at 24 hours. Skin tests in non-immunized guinea pigs with the proteinconjugates gave only occasional slight erythema. The ars-polytyr occasionally produced 3 to 4 mm of induration and erythema. Reactions with the latter material were therefore considered significant only if they were greater than 5 ram.
RESULTS
In preliminary testing, it was found that 100 #g of ars-polytyr produced good sensitization when injected in complete Freund's adjuvant, and aci Obtained from Yeda Research and Development Co., Rehovoth, Israel. cordingly, this was the standard immunizing dose used throughout this work. Since the various proteins reacted with diazotized arsanilic acid to widely varying extents, depending on their content of aromatic amino acids and free amino groups, results are based on standard amounts of original proteins used, rather than amounts of protein-conjugate. For skin tests with protein-conjugates, 1 /zg N protein doses were used, since previous studies (9) had indicated that this amount gave good delayed reactions in sensitized guinea pigs without producing marked Arthus reactions. The amount of ars-polytyr selected for skin testing (50/zg) was that having approximately the same color as 1 /zg N of ars-GSA. No Arthus reactions were observed in any of the ex- periments reported here, and all results given are in terms of induration and erythema at 24 hours, when reactions were generally maximal. The results of skin tests with several azobenzenearsonate conjugates in animals immunized with ars-polytyr are shown in Table I . The most striking feature of these reactions, in contrast to previous work (10) , was the apparent lack of carrier specificity and the high degree of hapten specificity. Thus, reactions to ars-GSA, ars-BSA, and ars-RNase were virtually identical with, if not somewhat larger than, those obtained with the immunizing antigen. In addition, with the possible exception of Ox-RNase, conjugates prepared from the oxidized proteins were identical in eliciting delayed reactions to conjugates of the native proteins. These results are somewhat different than those reported previously (4) for guinea pigs immunized with ars-GSA. In this latter case, while considerable hapten specificity was observed, the protein carrier contributed sufficient antigenic determinants so that reactions to the immunizing antigen were always larger than to the other conjugates used.
In an effort to establish the nature of the carrier contribution in the present case of immunization with ars-polytyr, tests were carried out with a variety of conjugates prepared from a series of proteins varying in tyrosine content from none (salmine) to 100 per cent (polytyrosine). Results listed in Table II corn-paring the size of reactions obtained with the tyrosine content of these materials indicate the presence of a fair degree of reactivity for the non-tyrosine protein salmine. The size of skin reactions then increase to a maximum with ars-insulin containing approximately 13 per cent tyrosine and decrease again with ars-elastoidin and ars-polytyr. These results suggest an optimal proportion of tyrosine in the carrier for maximal reactivity, with large proportions of tyrosine resulting perhaps in mutual steric interference amongst closely positioned hapten groups, as has been found for reactions with antibody. However, because of the uncontrollable effect of the wide variation in molecular weight and solubility amongst the conjugates used, the present observations can, of course, be only suggestive. * Value considered to be similar to bovine and human serum albumins.
Because of the apparent presence of a large degree of hapten specificity in this system, further studies were conducted to determine whether simple haptens were capable of inhibiting the delayed reactions observed. With the possible exception of the classic experiments of Chase (11) , in which delayed reactivity was suppressed by the feeding of picryl chloride, no successful results with hapteus have been reported in suppression of delayed hypersensitivity. The simplest possible hapten (other than arsanilic acid itself) that might be involved in the specificity of sensitization produced by ars-polytyr was considered to be tyrosine 3-azobenzenearsonate. Accordingly, a close analogue of this compound was synthesized by coupling equimolar amounts of diazotized arsanilic acid and N-acetyltyrosine in cold alkaline solution. For control studies, similar haptens were prepared by conjugation of equimolar amounts of diazotized arsanilic acid with N-acetyltryptophan, N-acetylhistidine, and N-benzoyltyrosine. The resulting wine-red dyes were purified by repeated precipitation with acid following solution in alkali. The materials were not further characterized.
Guinea pigs immunized with ars-polytyr and skin-tested with various protein conjugates were used in preliminary studies. Following the 24 hour readings of skin tests in one such group of guinea pigs, the most reactive animals were selected and divided into three groups. The first group of 3 was given 36 mg (8 X 10 -~ moles) of N-acetyltyrosine-azobenzenearsonate (ars-N-acetyltyrosine), half by intraperitoneal and half by intracardiac injection. A second group of 3 was given 3.6 mg (8 X 10 ~ moles) of hapten, in a similar fashion, and the last group of 5 guinea pigs was given 0.36 mg (8 X 10-~ moles). Immediately following the hapten injections, all guinea pigs were retested and the skin reactions read 24 hours later. As a control for specificity, all animals were tested as well with 0.1 ml of a 1:1000 dilution of old tuberculin (O.T.), as web as with 50 #g of the immunizing antigen.
T h e results of this e x p e r i m e n t , s h o w n in T a b l e I I I , p r o v i d e striking evidence for a specific s u p p r e s s i o n of t h e d e l a y e d r e a c t i o n b y t h e simple h a p t e n a t t h e two highest test doses. As may be seen from a comparison of reactions to O.T. before and after treatment, some non-specific decrease in reactions was apparent, possibly attributable to a degree of desensitization achieved by the first skin test dose. However, the complete disappearance of any reactions to ars-GSA following treatment with 36 mg of hapten and the appearance of only slight erythema with the 3.6 mg dose was totally unlike anything seen in this work, following even as many as three consecutive sets of reactions to five different conjugates. Reactions to the immunizing antigen ars-polytyr were markedly reduced only in the first group and only slightly in the other two groups.
On the next day and again on the 5th day following administration of the hapten, skin tests were repeated on all ammals with ars-GSA. Slight reactions were noted on the 2nd day in 2 animals of the group receiving the high dose of hapten, while on the 6th day the remaining animal developed a good reaction. One animal in this group died, and 1 was sickly on the 6th day, indicating some possible toxicity at this dose level. In the second group, 2 animals showed definite reactions on the 2nd day, and all 3 showed reactions on the 6th day approximating those initially produced. The last group of guinea pigs showed no diminution on the 2nd day and even had increased reactions on the 6th day.
In an attempt to find the time of administration of hapten best for achieving suppression of the delayed reaction, another 12 guinea pigs, which had demonstrated good reactivity to ars-protein conjugates, were divided into groups of 3 and treated as follows.
The first three groups were given 4.5 mg (1 X 10 -5 moles) of ars-N-acetyltyrosine by intracardiac injection. The first group received its injection 6 hours before skin testing, the second group 1 hour before, and the third group 1 hour after skin testing. The fourth group was treated as a control and given 4 X 10-~ moles each of arsanilic acid and N-acetyltyrosine 6 hours before skin tests.
The results shown in Table IV indicate that at this dose level virtually complete suppression of delayed skin reactions to ars-GSA was achieved in all three groups given the complete hapten, regardless of whether it was given 6 hours before to 1 hour after skin testing. Reactions to the immunizing antigen were most markedly suppressed in animals receiving the hapten 1 hour before and 1 hour after skin testing. There was a slight suggestion that reactions in animals receiving the hapten 6 hours prior to skin testing were larger than the other two groups; indicating perhaps a loss of hapten and return of reactivity. The control animals which received four times as much unconjugated arsanilic acid and N-acetyltyrosine exhibited virtually unchanged skin reactivity. Because these results indicated that little difference in degree of suppression resulted if hapten were administered from 6 hours before skin testing to 1 hour after skin testing, skin tests in subsequent experiments were performed for convenience immediately after intracardiac hapten administration.
Since it appeared that the reactions elicited b y ars-GSA in animals immunized with ars-polytyr could be effectively suppressed b y the hapten a r s -N-acetyltyrosine, it seemed likely that the reactive moiety in the delayed variety of ars-protein conjugates, and these hypersensitivity to ars-polytyr must be to a large extent directed to the tyrosine-azobenzenearsonate group. The positive reactions obtained with the non-tyrosine conjugate ars-salmine, however, indicated t h a t the tyrosine group might not be entirely essential. I n order to define more closely the specific group involved, further studies were conducted on inhibition of delayed reactions b y a variety of haptens.
In Table V are listed the results of an experiment in which guinea pigs immunized with ars-polytyr were skin-tested with ars-GSA before and after the injection of a variety of simple haptens prepared from arsanilic acid. Once again, it is seen that ars-N-acetyltyrosine produces almost complete suppression of the reaction to ars-GSA. However, the very similar hapten ars-Nbenzoyltyrosine was completely ineffective at the same dose level. Haptens prepared from N-acetyltryptophan and N-acetylhisfidine were also ineffective, as were arsanilic acid and N-acetyltyrosine in four times larger quantities. While these results indicate that ars-N-acetyltyrosine was the only effective inhibitor of those tested, it must be pointed out that such experimental un- knowns as in dvo precipitation or too rapid excretion from the circulation might play a decisive role in determining the efficacy of an otherwise suitable inhibitor. A further example of the specificity of hapten inhibition in delayed hypersensitivity is suggested by the results listed in Table VI . When guinea pigs were immunized with ars-GSA, the resulting sensitivity as manifested by skin test with ars-GSA was only slightly diminished in 3 of 6 animals by adrnlnlstration of 1 X 10 -~ moles of ars-N-acetyltyrosine. Reactions in guinea pigs receiving a mixture of arsanilic acid and N-acetyltyrosine were unchanged. The failure or incompleteness of suppression in this instance suggests the greater heterogeneity of response to immunization with the protein conjugate than with the polytyrosine conjugate, although it must be pointed out that the degree of sensitivity produced by immunization with ars-GSA may be greater than that produced by ars-polytyr and hence less susceptible to sup-pression by the dose of hapten used. However, since animals immunized with hapten-protein conjugates were previously observed (4) to give skin reactions to the same protein conjugated with a heterologous hapten, it was considered that some portion of the immune response was directed towards antigenic determinants on the protein carrier produced or revealed by the chemical process of conjugation. Thus, it had been shown (4) that guinea pigs immunized with ars-GSA demonstrated good skin reactivity to GSA conjugated with diazotized p-aminobenzoic acid (benz) and that desensitization with this latter material left considerable reactivity which was considered to be hapten-directed. Because administration of homologous hapten alone or the homologous protein-heterologous hapten conjugate produced only slight diminution in skin sensitivity in guinea pigs immunized and tested with ars-GSA, it was postulated that residual reactivity to the other determinant in either case was sufficient to give good skin reactions.
To test this hypothesis that two major types of antigenic determinants were involved in delayed hypersensitivity to ars-GSA, the following experiment was performed.
Guinea pigs immunized with 1/~g N ars-GSA were tested at 2 weeks with benz-GSA to measure carrier-attributable sensitivity, with ars-insulin to measure hapten-attributable sensitivity, and with ars-GSA to measure both. After reading these skin tests, one group was given 2 nag benz-GSA, half by intracardiac and half by intraperitoneal route; a second group was given 2 X 10 "~ moles of ars-N-acetyltyrosine; and the third group received a mixture of both in similar fashion. All animals were immediately skin-tested with the same three antigens and reactions read at 24 hours. Similar skin tests were repeated at various intervals up to 6 days after desensitization.
The results shown in Table V I I confirm previous observations that, whereas administration of ars-N-acetyltyrosine alone or benz-GSA alone produce almost complete suppression of reactions to ars-insulin and benz-GSA respectively, reactions to ars-GSA are only slightly diminished at 24 hours. The * Erythema alone, no induration. :~ 2 animals had slight induration, the rest had erythema alone. § 1 animal had slight induration, the rest had erythema alone.
administration of both together, however, resulted in an almost total loss of skin reaction to all determinants, demonstrating in a striking fashion the additive effect of hapten and carrier determinants. I t was of considerable further interest that hapten-directed sensitivity returned to initial levels within 48 hours, while carrier-directed sensitivity was still significantly depressed. At the end of 1 week, reactions to benz-GSA returned to original levels.
DISCUSSION
The absence of quantitative in ~lro tests to measure interaction between antigen and the reactive component of the delayed hypersensitive state has represented a stumbling block in the elucidation of the nature of the chemical specificity involved. Thus, all investigations to date must rely on the relatively crude skin test in sensitized animals. As has become more apparent in recent studies on specificity, immunization of animals with haptens conjugated to proteins is characterized by a considerable degree of heterogeneity in the resulting immune response (2, 4, 12) . In view of the nature of biochemical specificity in general, it is to be expected that a protein with a large number of non-repeating amino acid sequences should present a complex array of antigenic determinants to the apparatus responsible for the production of the immune response. This has been adequately demonstrated for the case of antibody production (13) to proteins alone and must certainly be considered in the case of delayed hypersensitivity to protein conjugates, whether the operative component is eventually demonstrated to be antibody, enzyme, or some other cell-bound component.
The use of a polymer of a single amino acid as a carrier represents a necessary simplification for the eventual determination of the exact nature of the specificity involved in the delayed hypersensitive reaction. Using polytyrosineazobenzenearsonate as a model, the results reported here suggest strongly a considerably narrowed range of specificity in the immune response. Thus, all conjugated proteins studied, whether folded or opened, were found to give good positive skin reactions in a degree correlating to some extent with their tyrosine content. Since immunization with ars-polytyr does not involve exposure to a variety of amino acid sequences, as is probably the case in immunization with proteins, the resulting response becomes more clearly attributable to the common antigenic determinants, which in this case can only be some multiple of either arsanilic acid, tyrosine, or tyrosine-azobenzenearsonate repeating units. It should be pointed out that even with the apparently simplified antigenic structure represented by the use of ars-polytyr, some degree of heterogeneity of response was made manifest by skin tests with polytyrosine alone or polytyrosine conjugated with the diazonium salt of p-aminobenzoic acid. In both these cases, small but definite positive reactions in many animals suggested that some part of the resulting sensitivity was directed towards the unconjugated portion of the polymer. Similar reasoning would explain the findings reported by Silverstein and Gell (12) and those observed by us (4) that animals immunized with a hapten-protein conjugate give skin reactions with the same protein conjugated to a non-cross reacting hapten. In these instances, it is possible to attribute the skin reaction observed to sensitivity directed towards portions of the protein revealed or denatured by the chemical process of conjugation.
The successful suppression of delayed reactions to conjugated proteins by simple haptens may be considered as another facet of the limited range of specificity achieved by immunization with ars-polytyr. Almost certainly, the major antigenic determinant common to a protein conjugate and ars-polytyr must be some part of the tyrosine-azobenzenearsonate moiety. It might, therefore, be expected that reactions dependent entirely on this particular antigenic determinant would be completely suppressed by the hapten, as appears to be the case in skin reactions to ars-GSA. It is also evident from the data in Table III that reactivity to the immunizing antigen was less markedly affected. This evidence, taken with the observation that immunization with ars-polytyr also produces sensitivity to polytyrosine, provides further support for the heterogeneity of the resulting immune response. In view of this heterogeneity, specific suppression of one portion of the reaction spectrum would be expected to become apparent only if other portions of the spectrum were absent or made only minor contributions to the net reaction. In the present instance, ars-GSA would appear to have only one major antigenic determinant in common with ars-polytyr, and reactions to it are, therefore, suppressed by the ars-P/-acetyltyrosine hapten. On the other hand, since sensitivity to polytyrosine itself was found, skin reactions to ars-polytyr that were only incompletely affected by hapten could plausibly be attributable to this specificity. In the case of animals immunized with arsanilic acid conjugated to a protein, a much wider spectrum of specificity might be expected, and in fact only slight suppression of skin reactions with these haptens was noted in animals immunized with ars-GSA. The combination of the hapten and the protein conjugated with a heterologous hapten, however, was markedly effective in suppression of such reactions, thus demonstrating the important contributions made by hapten and carrier protein to the overall reactions.
Several other properties of the suppression by haptens observed here may be profitably considered. First, the results in Table IV indicate that suppression results if hapten is given during the time interval from 6 hours before to 1 hour after the skin tests. While the exact outer limits of this interval have not been defined as yet, they are sufficiently reminiscent of those reported by Uhr and Pappenheimer (14) for desensitization with proteins to suggest that the basic nature of the interaction involved may be the same. There is, however, one crucial difference, and that is the persistence of the desensitization, which, in studies using proteins (14) , was found to last several days. Similarly, desensitization with the protein conjugated to heterologous hapten (benz-GSA) produced unreactivity to this material for about 6 days (Table VII) . With the haptens used in the present work, however, there was some suggestion that suppression of hapten-specific sensitivity was already waning 6 hours following injection of 1 X 10 -5 moles of hapten, and it had essentially disappeared in many cases by 24 hours. Despite the occasional lapse of 72 hours before return of sensitivity, it seems most likely that the process involved here is hapten inhibition, rather than desensitization, since it would seem unlikely in the latter event that new sensitivity could reach previous levels in such short intervals as was found.
These results may, also, be likened to the observations of Ovary and Karush (15) on the interference with passive cutaneous anaphylaxis by haptens, where the interference was also found to be transitory. From the standpoint of quantitation, the amounts of hapten (1 X 10 -6 moles) required for suppression of delayed hypersensitivity in the present work bear a striking relation to the quantities of dye used in the PCA studies (15) . This may, however, be entirely fortuitous and perhaps be related more to the rate of excretion of these small molecules than to their combining afl~nlty for either antibody or other reactant.
Of primary importance to the understanding of the basic mechanisms in delayed hypersensitivity is the question of the type of specificity involved in the interaction between antigen and whatever reactive system is involved. Studies to date can only set relatively crude Hmits to the extent of complementarity involved. Thus, while ars-~Y-acetyltyrosine was effective in a dose of 1 N 10-5 moles, neither arsanilic acid nor N'-acetyltyrosine had any demonstrable effect in amounts 4 times as large. It might be possible to infer from this that the area of complementarity here involved more than the phenylarsonate group. As was found in studies with rabbit antibody (16), a considerable contribution to binding energy by an additional phenyl group was shown with p-phenyl-azobenzenearsonate. On the other hand, replacement of the N-acetyl group on tyrosine by a benzoyl group resulted in complete absence of suppression by the hapten. While this might indicate steric interference with binding at the tyrosine locus by the benzoyl group, an added note of caution is necessary in the interpretation of the present data. Since delayed reactions in guinea pigs require 24 hours to reach maximal levels, and since it appears likely that suppression of such reactions requires the continued presence of haptens for at least a good part of this time, it seems evident that unknown variables such as solubility and rate of excretion of haptens must enter into the manifestations of specificity in this in v/~o system. Some further indication of the exact nature of the functional determinant involved may be seen from the results in Table IV , where replacement of tyrosine in the hapten by tryptophan or histidine resulted in loss of activity. These data, together with the observations of positive reactions to the non-tyrosine conjugate ars-salmine, provide strong suggestive evidence that the size of the complementary groups needed for reaction in the arsanilate system lies between arsanilic acid itself and tyrosine-azobenzenearsonate. As in hapten-antibody systems, the extent of reaction should be related to the degree of overlap of hapten and whatever reactive moiety is involved in delayed hypersensitivity.
The size of this antigenic determinant in the case of other haptens remains to be determined.
Studies on the specificity involved in delayed hypersensitivity, of which the present report represents a preliminary effort, are of obvious interest in understanding the underlying nature of the chemical interaction represented grossly by the developing skin reaction containing the well known characteristics of perivascular mononuclear cell infiltrates. While it would prove satisfying to the immunochemist to ascribe such effects to chemical interactive forces not significantly different (although perhaps larger) from those known for antigen-antibody system, nothing in the present work can be taken to implicate the existence of antibody in the delayed hypersensitive reaction. Further work may prove, as postulated recently by Karush and Eisen (17) , that an antibody of greater binding affinity is responsible for delayed hypersensitivity, but in the present state of our knowledge, it must be considered as at least equally tenable for such specificity to be an attribute of other circulating or cellular entities. The present report suggests an experimental technique for sorting out the individual antigenic determinants involved in the delayed reaction and obtaining some quantitative information concerning their size and configuration.
SlYMM.ARY Delayed hypersensitivity in guinea pigs was produced by immunization with a conjugate prepared by coupling diazotized arsanilic acid to polytyrosine. The resulting sensitivity could be demonstrated by skin test with conjugates prepared from a wide variety of tyrosine-containing proteins. Definite but smaller degrees of sensitivity could be induced with conjugates of proteins containing little or no tyrosine. The apparent absence of carrier-specificity is considered to be due to the narrowed range of immunologic response produced by immunization with polytyrosine-azobenzenearsonate.
Injections of the hapten N-acetyltyrosine-azobenzenearsonate was found to suppress completely the delayed reaction attributable to the tyrosineazobenzenearsonate group. The same hapten was only slightly effective in suppressing reactions in guinea pigs immunized with guinea pig serum albuminazobenzenearsonate, suggesting that a broader range of specificities is involved with such antigens.
Confirmation of such increased range of specificity attributable to antigenic determinants contributed by the carrier protein was obtained by desensitization studies with N-acetyltyrosine-azobenzenearsonate and guinea pig serum albumin-azobenzoate. While separately these materials produced only a slight decrease in skin reactivity to guinea pig serum albumin-azobenzenearsonate, the combination was found to give almost complete suppression.
